UNCLASSIFIED 


Defense  Technical  Information  Center 
Compilation  Part  Notice 

ADPO 13207 

TITLE:  Theory  of  Electrostatic  Probe  Microscopy:  A Simple  Perturbative 
Approach 

DISTRIBUTION:  Approved  for  public  release,  distribution  unlimited 
Availability:  Hard  copy  only. 


This  paper  is  part  of  the  following  report: 

TITLE:  Nanostructures:  Physics  and  Technology  International  Symposium 
[9th],  St.  Petersburg,  Russia,  June  18-22,  2001  Proceedings 

To  order  the  complete  compilation  report,  use:  ADA408025 

The  component  part  is  provided  here  to  allow  users  access  to  individually  authored  sections 
of  proceedings,  annals,  symposia,  etc.  However,  the  component  should  be  considered  within 
the  context  of  the  overall  compilation  report  and  not  as  a stand-alone  technical  report. 

The  following  component  part  numbers  comprise  the  compilation  report: 

ADP013 147  thru  ADPO  13308 


UNCLASSIFIED 


9th  Int.  Symp.  "Nanostructures:  Physics  and  Technology’ 
St  Petersburg,  Russia,  June  18-22, 2001 
© 2001  Ioffe  Institute 


NC.lOp 


Theory  of  electrostatic  probe  microscopy: 
a simple  perturbative  approach 

S.  Gomez-Monivasf,  L.  S.  Froufet,  J.  J.  Saenz f , R.  CarminatiJ 
and  J.  J.  GreffetJ 

t Departamento  de  Fisica  de  la  Materia  Condensada  and  Instituto  de  Ciencia 
de  Materiales  “Nicolas  Cabrera”,  Universidad  Autonoma  de  Madrid,  Cantoblanco, 
28049  Madrid,  Spain 

t Laboratoire  d’Energetique  Moleculaire  et  Macroscopique,  Combustion; 

Ecole  Centrale  Paris,  Centre  National  de  la  Recherche  Scientifique, 

92295  Chatenay-Malabry  Cedex,  France 


Abstract.  A theoretical  approach  to  electrostatic  scanning  probe  microscopy  is  presented.  We 
show  that  a simple  perturbation  formula,  originally  derived  in  the  context  of  scattering  theory  of 
electromagnetic  waves,  can  be  used  to  obtain  the  capacitance  and  the  electrostatic  force  between  a 
metallic  tip  and  an  inhomogeneous  dielectric  sample.  For  inhomogeneous  thin  dielectric  films,  the 
scanning  probe  signal  is  shown  to  be  proportional  to  the  convolution  between  an  effective  surface 
profile  and  a response  function  of  the  microscope.  This  provides  a rigorous  framework  to  address 
the  resolution  issue  and  the  inverse  problem. 


Introduction 

Since  the  development  of  Scanning  Tunneling  Microscopy  and  Atomic  Force  Microscopy 
in  the  early  eighties  various  techniques  of  Scanning  Probe  Microscopy  (SPM)  have  been 
proposed  [1],  based  on  different  local  interactions  between  a sharp  tip  and  the  sample 
under  study.  The  long  range  nature  of  electrostatic  interactions  makes  them  specially 
suitable  to  perform  noncontact  SPM  imaging  of  both  conducting  and  ins  ulating  materials. 
By  applying  a voltage  between  a force  microscope  tip  and  a sample,  electrostatic  force 
microscopy  (EFM)  has  been  used  to  study  capacitance , surface  potential , charge  or  dopant 
distribution,  topography  and  dielectric  properties  of  metallic  and  insulating  surfaces  ...  [2]. 

As  in  other  SPM  techniques,  the  interpretation  of  the  EFM  images  is  not  always  evi- 
dent. Since  EFM  is  a nonlocal  technique  due  to  the  long  range  nature  of  the  electrostatic 
interaction,  the  detailed  shape  and  dimensions  of  the  tip  must  then  be  taken  into  account 
for  a precise  calculation  of  both  force  and  capacitance  [3].  Most  of  the  theoretical  work  on 
EFM  has  been  focused  on  a better  understanding  of  tip  shape  effects  on  the  electric  field, 
force  and  capacitance  [4,  5].  Although  the  influence  of  the  tip  shape  is  now  more  or  less 
well  understood  for  flat  and  homogeneous  samples,  there  is  no  simple  way  to  directly  relate 
the  electrostatic  image  with  the  dielectric  and  topographic  properties  of  the  sample.  In  this 
work,  we  propose  a theoretical  approach  to  electrostatic  probe  microscopy  that  represents 
a first  step  to  fill  this  gap  [2],  In  analogy  with  previous  theoretical  work  on  scanning  near- 
field optical  microscopy  (SNOM)  [6],  we  will  show  that  the  EFM  image  is  related  to  both 
the  topography  and  dielectric  inhomogeneities  of  the  sample  through  a response  function 
which  describes  all  the  instrument  properties.  In  the  important  case  of  imaging  of  thin 
dielectric  films  deposited  on  metallic  substrates,  we  show  that  the  force  (or  capacitance) 
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signal  closely  follows  an  equivalent  surface  profile.  This  equivalent  surface  profile  con- 
nects the  film  topography  with  the  dielectric  inhomogeneities,  providing  a simple  physical 
pict  ure  of  the  contrast  mechanism  in  EFM. 

1.  Perturbative  approach 

We  consider  a three-dimensional  sample  with  both  topographic  and  dielectric  constant 
inhomogeneities  (see  Fig.  1).  This  sample  is  a finite  layer  of  profile  Z(x,  y)  = Z( rq) 
and  dielectric  constant  e(r)  on  top  of  a reference  sample.  For  simplicity,  we  will  take 
a semiinfinite  homogeneous  (z  > 0)  substrate  of  dielectric  constant  es  as  the  reference 
sample.  Our  approach  would  equally  apply  to  any  reference  sample  surface  with  known 
dielectric  response,  however. 


Under  a constant  tip-sample  bias  V,  the  electrostatic  energy  of  the  reference  system 
(i.e.  in  the  homogeneous  case),  is  given  by: 

Uo  = ^J  e0E02</3r  = I C0V 2 (1) 

where  Eo  is  the  electric  field  and  Co  is  the  capacitance.  The  electrostatic  force  (normal  to 
the  sample  surface)  Fq:  can  be  written  as  the  energy  gradient: 

d 19 

Foz  = -7-t/o  - ~ ~U2— Co  (2) 

dz  2 dz 

The  presence  of  surface  or  volume  inhomogeneities  induces  a change  in  the  electrostatic 
energy  (with  respect  to  the  reference  sample), 

AU  = ~ [ P E0d3r  (3) 

2 Jv 

where  Eo  is  the  reference  field  and  P = eo(e(r)  — 1)E,  being  E the  total  field.  In  practice, 
computing  the  electrostatic  energy  (i.e.  the  force  or/and  the  capacitance)  from  Eq.  3 
requires  the  knowledge  of  the  total  selfconsistent  field  in  the  gap  region.  These  are  solutions 
of  a difficult  Laplace  problem  in  an  open  geometry,  which  can  only  be  solved  numerically. 
In  order  to  handle  this  problem  we  will  make  use  of  a simple  perturbative  approach  which 
was  shown  to  be  useful  in  scattering  from  rough  surfaces  [7], 

Following  a simple  Born-like  approach  one  could  replace  the  total  field  E in  Eq.  3 by 
the  nonperturbed  field  Eq.  However,  this  simple  approach  is  known  to  give  wrong  results 
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in  scattering  from  rough  surfaces  [7]  One  way  to  improve  this  approximation  is  to  take  into 
acco  unt  the  discontinuity  of  the  normal  component  of  the  field  at  the  boundaries  [7] 


A U = 


= -^0  f i 
2 Jv o 


(€(r)  - 1) 


€(T) 


•E; 


0|| 


d\. 


(4) 


The  force  signal  (orthe  capacitance)  is  directly  obtained  from  AU  through  AF  = dAU/dzt 
(or  AC  = V2AU/2).  Although,  in  general,  it  is  only  a perturbative  result,  it  is  worth 
noticing  that  this  equation  gives  the  exact  result  for  a parallel  plate  capacitor. 


2.  Equivalent  surface  profile 

In  order  to  get  a deeper  understanding  on  the  nature  of  the  image  contrast,  let  us  consider 
a common  experimental  situation  in  which  a dielectric  soft  sample  is  on  a substrate  with 
metallic  character  (i.e.  es  —>  oo).  In  this  case,  the  electric  field  parallel  to  the  substrate 
surface  will  be  close  to  zero  and  the  main  contribution  to  the  signal  will  come  from  the 
normal  electric  field.  If  the  dielectric  thickness  is  small  compared  with  a typical  field 
gradient  length  scale,  i.e.  Eoz(i>||  ~ r||>  Zr  — z)  ~ Eoz(r*||  — r||-  Zt),  the  energy  will  take 
the  simple  form  of 


where 


At/  « ^e0  £ |z,//(r||)  • £o,(i7||  - rM,  z,)j  d2 rM, 


Zeff(r\\) 


-L 


z<ri!)  e(r)  - 1 
e(r) 


dz 


(5) 

(6) 


is  an  equivalent  surface  profile  connecting  the  dielectric  constant  variation  and  the  topog- 
raphy of  the  sample.  The  signal  AF  = dAU/dzt  (or  AC  = V2AU/2)  will  then  be  a 
simple  two-dimensional  convolution  between  the  equivalent  surface  profile  Zeff  and  the 
response  function  of  the  microscope  T (rq)  = 3|£o;(r||,  Zf)|2/3Zf.  Notice  that  the  actual 
image  would  give  information  about  Zeff.  For  a homogeneous  sample,  Zeff  is  directly 
proportional  to  the  true  topographic  profile,  while  for  a flat  surface  it  reflects  an  average  of 
the  dielectric  constant  along  the  normal  to  the  surface. 


3.  Summary 

In  summary,  we  have  presented  a formalism  for  electrostatic  force  microscopy  based  on  a 
modified  first  order  perturbation  theory.  We  have  checked  and  illustrated  our  theory  with 
exact  numerical  results  for  a model  system.  Our  model  describes  how  the  topographic  and 
dielectric  constant  variations  of  the  sample  influences  the  observed  image  in  EFM.  This  is  a 
very  important  point  in  EFM,  were  the  purely  dielectric  properties  of  the  sample  are  of  great 
interest.  In  analogy  with  SNOM  imaging,  we  have  introduced  the  concept  of  equivalent 
surface  profile  as  the  physical  measured  quantity  in  force  microscopy.  We  believe  that  the 
results  in  this  Letter  should  find  broad  applications  in  the  analysis  of  electrostatic  imaging 
with  scanning  probe  methods. 
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